IMPORTANCE Prenatal exposure to famine is associated with a 2-fold risk for nonaffective psychoses. Less is known about whether maternal nutrition states during pregnancy modify offspring risk for nonaffective psychoses in offspring in well-fed populations.
maternal body mass index (BMI) (calculated as weight in kilograms divided by height in meters squared) as a proxy for maternal nutrition, but these produced conflicting results hampered by low numbers of cases. This study's aim was to investigate the association among maternal baseline BMI, gestational weight gain (GWG), and offspring risk for nonaffective psychosis in the largest cohort studied to date. We hypothesize that extremes in baseline maternal BMI or GWG, signifying suboptimal prenatal nutrition, would contribute to an increased risk for nonaffective psychosis in offspring. We posit that extremely low GWG is analogous to early gestational exposure to starvation seen in the famine studies. We used 2 family-based study designs-paternal-offspring comparisons and matched-sibling comparisons [18] [19] [20] -to evaluate the weight of evidence for any observed associations.
Methods

Study Design
This national, population-based cohort study used data from Psychiatry Sweden, a linkage of Swedish health and population registers. 21 Ethical approval was granted by the Regional Ethical Committee of Stockholm. No informed consent was required for the analysis of anonymized register data.
Study Population
The study population included all nonadopted individuals born in Sweden from January 1, 1982 , through December 31, 1989 (n = 798 934), who were followed up from 13 years of age until December 31, 2011, for diagnoses of nonaffective psychoses.
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Children were excluded who died or emigrated before their 13th birthday (2.7%), had incomplete Medical Birth Register data (0.4%), were missing information on their biological father (0.5%), or were part of multiple births (1.9%) (eFigure 1 in the Supplement). In addition, 30.2% of eligible mother-child pairs lacked maternal BMI or GWG data. Those individuals excluded from the final study population were demographically similar to those included (eTable 1 in the Supplement).
Variables Diagnoses of Nonaffective Psychoses
Data on psychiatric history were taken from the National Patient Register, which has been collecting diagnoses for inpatient care since 1973 and psychiatric outpatient care since 2001. Nonaffective psychosis status was defined as receipt of 1 of the following diagnoses from International Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10), or International Classification of Diseases, Ninth Revision (ICD-9): ICD-10 codes F20 to F29 and ICD-9 codes 295, 297, and 298 (except 298A and 298B) (eTable 2 in the Supplement) before December 31, 2011. 21 Narrowly defined schizophrenia (ICD-9 code 295 and ICD-10 code F20) was also considered as an outcome.
Exposure: Maternal BMI and GWG Maternal weight and height at the first antenatal visit were used to approximate baseline maternal BMI. Such data were recorded by midwives in the Medical Birth Register beginning in 1982. The timing of the first antenatal visit was unavailable. However, first trimester weight gain was on average low, and 90% of initial antenatal visits in Sweden occurred before 12 weeks' gestation. 22, 23 Weights of less than 40 kg or greater than 140 kg were censored as unrealistic or indicating an existing medical condition, as were heights of less than 140 cm or greater than 210 cm. Maternal baseline BMI values were categorized according to World Health Organization guidelines 24 into standard and extended BMI classifications. Maternal weight was also recorded before delivery. Gestational weight gain was calculated as the difference in maternal weight between the first antenatal visit and delivery. Based on Institute of Medicine guidelines, 25 GWG was categorized as ideal, inadequate, or excessive according to the maternal baseline BMI categories of underweight (12.5-18.0 kg), normal weight (11.5-16.0 kg), overweight (7.0-11.5 kg), and
Key Points
Question Are gestational weight gain during pregnancy and maternal body mass index in early pregnancy associated with a risk for nonaffective psychosis in offspring?
Findings In this population-based cohort study of 526 042 individuals born in Sweden from 1982 through 1989, extremely inadequate gestational weight gain was associated with a significantly increased risk for nonaffective psychosis in offspring in adjusted and sibling comparison models. A weak, U-shaped association was found between maternal body mass index at the beginning of pregnancy and risk for nonaffective psychosis in offspring in adjusted models.
Meaning Insufficient weight gain during pregnancy may increase the risk for nonaffective disorders in offspring, even in an affluent and well-nourished population. 
Sibling Analyses
Matched-sibling analyses comparing affected individuals with their unaffected full siblings were performed to investigate whether observed associations among maternal BMI and GWG and offspring nonaffective psychosis could be the result of confounding by shared familial factors. Narrowly defined schizophrenia was not considered as an outcome in sibling analyses owing to lack of power. Cox proportional hazards regression, stratified by family identity, was performed for matched full siblings, discordant on outcome, adjusted for birth order and sex. We considered BMI and GWG as categorical and continuous exposures as above.
Sensitivity Analyses
Analyses of maternal and paternal BMI were repeated among those individuals with a paternal BMI observation (paternal BMI subcohort) and were analyzed individually as above and in a mutually adjusted model. Finally, the main analyses were repeated stratified by sex.
Results
Study Cohorts
The 526 042 individuals in the study cohort (48.52% female and 51.47% male; mean [SD] age, 26 [2.3] years) included 2910 cases of nonaffective psychoses at the end of follow-up. As expected, offspring who developed nonaffective psychosis or narrowly defined schizophrenia were more likely to be male and to be born in an urban center or to a single parent, an immigrant, or a parent with a history of psychiatric care compared with unaffected offspring (Table 1 and eTable 4 in the Supplement). In the paternal BMI subcohort, offspring were less likely to have a foreign-born parent compared with the full cohort and were less likely to have a parent 35 years or older, because the conscription register began in 1969 (eTable 1 in the Supplement). Covariates by maternal BMI and GWG categories are presented in eTables 5 and 6 in the Supplement.
Maternal BMI and Nonaffective Psychosis Risk
In the categorical analysis ( Table 2) , offspring of underweight mothers displayed a somewhat increased risk for nonaffective psychosis (adjusted HR, 1.14; 95% CI, 1.00-1.30). In the analysis of extended BMI categories, offspring of mothers with mild thinness (BMI≥17.0 and <18.5) had an increased risk for nonaffective psychosis (adjusted HR, 1.21; 95% CI, 1.06-1.39), as did offspring of mothers with class 2 obesity (BMI≥35.0 and <40.0; adjusted HR, 1.93; 95% CI, 1.00-3.71).
Similarly, in continuous analysis of maternal BMI (Figure 1 ), we observed a U-shaped association between maternal BMI and
GWG and Nonaffective Psychosis Risk
Normal-weight and underweight mothers were more likely to gain weight within their recommended ranges (44.59% and 56.52%, respectively), compared with overweight (26.91%) and obese (34.20%) mothers (eTable 7 in the Supplement). Broad GWG categories were not associated with offspring nonaffective psychosis (Table 3) . For extended GWG categories, the offspring of mothers with extremely inadequate weight gain had ( Figure 2 ) and adjusted (eFigure 2 in the Supplement) models. Similar patterns were observed for narrowly defined schizophrenia ( Figure 2 and eFigure 3 in the Supplement). When stratified by baseline maternal BMI category, the association of low GWG and the risk for nonaffective psychosis remained Copyright 2017 American Medical Association. All rights reserved.
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for the normal-weight and overweight or obese groups (BMI≥25.0), but not for the underweight group. In the matched-sibling analysis, the risk for nonaffected psychosis increased for offspring born to mothers with extremely inadequate GWG (HR, 1.61; 95% CI, 1.02-2.56) ( Table 3) . In continuous analysis, a similar finding was observed, although the CIs were wide and included 1 (Figure 2 ).
Sensitivity Analyses
In the analysis of paternal BMI, we observed an increased risk for nonaffective psychosis among the offspring of severely thin fathers (BMI<16.0; adjusted HR, 2.52; 95% CI, 1.26-5.04) (eTable 8 in the Supplement) and a weak, U-shaped association between paternal BMI and nonaffective psychosis in offspring in continuous analysis, a pattern comparable with that of maternal BMI (eFigure 4 in the Supplement). The association between maternal obesity and the risk for nonaffective psychosis in offspring was strengthened by adjusting for paternal BMI, although the CIs remained wide (eFigure 4 and eTable 8intheSupplement). In mutually adjusted models, maternal mild thinness in early pregnancy was weakly associated with an increased risk for nonaffective psychosis in offspring (HR for BMI≥17.0 and <18.5, 1.21; 95% CI, 1.01-1.45), as was paternal severe thinness (HR for BMI<16.0, 2.53; 95% CI, 1.26-5.07).
After stratification by sex (eTables 9 and 10 in the Supplement), maternal mild thinness was associated with nonaffective psychosis in male (HR, 1.30; 95% CI, 1.10-1.55) but not female (HR, 1.14; 95% CI, 0.91-1.43) offspring. Extremely inadequate GWG was associated with risk for psychosis in male (HR, 1.32; 95% CI, 1.07-1.63) and female (HR, 1.60; 95% CI, 1.27-2.01) offspring but was more pronounced in the latter.
Discussion
Key Results
Extremely inadequate GWG was associated with an increased risk for nonaffective psychosis in offspring in categorical and continuous analyses, even after adjustment for potential confounders. The sibling analysis suggests that this result is unlikely to be attributable to unmeasured familial confounding. Together these results indicate, similarly to the Dutch Hunger Winter and Great Leap Forward studies, 7-9 that inadequate maternal nutrition during pregnancy increases the risk for nonaffective psychosis in offspring, even in the context of an affluent and well-nourished population. This study also demonstrated a weak U-shaped association between maternal BMI at the beginning of pregnancy and Table 2 ) and is shown here for comparison. A reference line is included for an HR of 1.00.
a Adjusted for birth year and sex.
b Adjusted for birth year, sex, family income, parent older than 35 years, parent born outside Sweden, and parental history of psychosis.
c Adjusted for birth order and sex.
Comparison With Previous Studies
Previous studies have reported contradictory associations between maternal BMI and risk for psychosis in offspring.
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Low late-pregnancy maternal BMI (≤24.0) was associated with a 3-fold risk for schizophrenia in offspring (reference f Defined by baseline BMI of normal (11.5-16.0 kg), underweight (12.5-18.0 kg), overweight (7.0-11.5 kg), and obese (5.0-9.0 kg). BMI definitions are given in Table 2 .
g Indicates values below ideal.
h Indicates values above ideal. l Defined by BMI of normal (>22 kg), underweight (>22 kg), overweight (>22 kg), and obese (>17 kg). have also been linked to psychosis in offspring. We observed a 2-fold increased risk associated with maternal obesity (class 2) and an elevated risk for obesity and its subclasses. The results of our family comparison studies indicate that the associations between maternal BMI and the risk for nonaffective psychosis in offspring are at least partly confounded by genetic or other shared familial factors. The only study to date considering a potential correlation between genetic determinants of BMI and the risk for schizophrenia reported an inverse association: evidence of genetic correlation between low BMI and risk for schizophrenia.
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We observed a greater effect for female offspring of mothers with extremely inadequate GWG compared with male offspring, but effect estimates overlapped between the sexes. The initial Dutch famine study reported a similar sex effect, 8 but this difference was not apparent in a later, more rigorous analysis. 6 Our result merits cautious interpretation owing to the relative youth of our cohort and the differential age at onset for male and female offspring.
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Mechanisms
Although other mechanisms cannot be ruled out based on these observational studies, the association of inadequate GWG with nonaffective psychosis in concert with the findings of the Dutch and Chinese famine studies implicates malnutrition as the effector. Multiple nutrient deficiencies have been demonstrated to affect neurodevelopment and risk for schizophrenia in offspring. 4, 11, 38 Low GWG during pregnancy may therefore represent an inability to meet the nutrient demands of the placental-fetal unit. Suboptimal nutrient status of mothers with extremely inadequate GWG in our study is evidenced by their lower rates of male births (eTable 10 in the Supplement). Male fetuses place a higher energy demand on mothers during pregnancy, 39 such that states of maternal deprivation lead to fewer male births. 40 Fetal growth restriction, indicated by infants who are small for gestational age, can Severely inadequate GWG may otherwise be indicative of an existing maternal medical condition, such as endrocrinologic disorders, malabsorption, anorexia nervosa, bulimia nervosa, or hyperemesis gravidarum. Further research is necessary to understand the association between conditions that lead to insufficient maternal weight gain and the risk for nonaffective psychosis in offspring. Insufficient weight gain can also occur in otherwise healthy individuals owing to insufficient medical guidance or by a drive to conform to societal (but not medical) standards of appropriate weight gain. 43 
Strengths
This study is, to our knowledge, the largest to date to examine the association of maternal BMI and the risk for psychosis in offspring and the first to examine the role of GWG. The large sample size facilitated the use of family-based study designs for more rigorous inference of causation. 20, 44 We calculated BMI and GWG from objectively measured, prospectively recorded register data. Swedish registry data on nonaffective diagnoses have high validity.
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We were able to adjust GWG for gestational age. Gestational weight gain and gestational age are highly correlated, with inadequate GWG associated with preterm births and low birth weights. 23, 46 Accounting for parental psychosis likewise strengthened our results. Nonaffective psychoses are highly heritable, 47,48 and traditional antipsychotics can lead to pronounced weight gain.
49
Limitations
One issue is the limited follow-up time: ages of offspring at the end of follow-up varied from 22 to 29 years. Nonaffective psychoses manifest typically from the third decade of life onward. 50 As such, our sample is considerably right censored. Although we statistically accounted for this, we may have captured more early-onset, possibly phenotypically distinct cases, which limits generalizability. 17 Future studies will allow for reanalysis as the cohort continues to age. Another limitation is the rate of missing BMI and GWG in the eligible study population, although these data seem to be missing at random from the Medical Birth Register.
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Paternal BMI at conscription was used to examine the independence of any observable effect of maternal BMI on nonaffective psychosis among offspring.
18-20 Paternal BMI was unavailable for any later time points. Using paternal BMI at 18 years of age allowed for exploration of the contribution of paternal factors to nonaffective psychosis in offspring while removing the effects of the shared parental environment at the time of pregnancy. Increasing paternal age is related to increased BMI and increased risk for nonaffective psychosis in offspring. By capturing BMI at the same age for all fathers, we avoided potential confounding owing to these associations.
Sibling comparisons were used to test for unmeasured familial confounding. Using sibling analysis in extended categories for a rare outcome reduced power, possibly obscuring true associations. Also, in discordant sibling design, only mothers who varied in BMI or GWG between their 2 index pregnancies contribute to effect estimates; such designs are susceptible to confounding by nonshared factors that might lead to such changes in the same mother. 44 We improve on the Dutch and Chinese famine studies by using individual measures of parental BMI and GWG as proxies for nutrition in place of population-level measures of starvation. However, BMI and GWG are incomplete representations of metabolic health and nutritional intake and cannot discount other mechanisms of action. We were also limited by the small number of mothers at the extremes of BMI categories.
Last, we recognize the dissonance of applying Institute of Medicine 2009 GWG guidelines to mothers in the 1980s. Using the rationale of Holowko et al, 51 we believe the guidelines represent optimal maternal and child health outcomes, regardless of advice at the time. Our study seemingly validates the 2009 guidelines for mothers with BMI in the normal range, because ideal GWG conferred the lowest risk. However, offspring of overweight and obese women showed an elevated risk for nonaffective psychosis, even at the lower end of the Institute of Medicine ideal GWG range, potentially raising the question of the adequacy of weight gain guidelines for populations outside the normal BMI range, specifically for nonobstetric outcomes. linked prenatal maternal famine to offspring nonaffective psychosis. The present study, based on Swedish national registries, represents a substantial advance by providing evidence that a similar association is detectable among individuals in a generally well-fed population in more ordinary circumstances. Also notable, the study included strengths of design not possible in the natural experiments, such as rigorous control for parental psychiatric conditions and comparison of affected and unaffected siblings. Thus, it contributes to an increasingly robust body of convergent evidence for a role of prenatal nutritional deficiency in the early origins of psychosis and strengthens the argument for examining prenatal nutritional supplements and dietary patterns as a means of prevention.
Another strength is that the study highlights puzzling questions that have yet to be resolved. Why was the association with psychosis robust only at the extreme of low weight gain? Why did the investigators find no association of high or low early prenatal body mass index with psychosis, contrary to prevailing views and some prior reports on schizophrenia and other neurodevelopmental disorders?
Inevitably, the study also had limitations. For example, the timing of nutritional deficiency could not be specified using registry data, results were inconclusive at the extremes of body mass index, and the potential role of maternal stress as a cofactor could not be examined. These limitations should be noted but without losing sight of the authors' substantial achievements.
In this commentary, we focus henceforth on how we could build on the convergent evidence to identify mechanisms and preventive interventions for nonaffective psychoses and other neurodevelopmental disorders that fall within the domain of psychiatry. Studies of extreme prenatal exposures remain useful but not sufficient to reach these goals. We propose that the endeavor requires a guiding framework that embraces mutually informative lines of investigation being conducted in tandem. Given limited space, we hope to spark discussion of this framework by focusing on 2 of the central challenges and how they might be overcome.
The first challenge is that translational science is generally presented as a linear progression, with knowledge transferred from basic science to clinical research (step 1), from clinical research to clinical care (step 2), and from clinical care to implementation of public health interventions (step 3). For more than 50 years, however, studies of prenatal nutritional deficiencies and neurodevelopmental disorders have followed a more circuitous route and holistic bridging of disciplines.
2 Studies have been performed in tandem at many levels and have informed one another, including natural experiments based on tragic historical famines, discoveries in basic sciences such as genomics and epigenetics, trials of prenatal micronutrients, clinical research, and epidemiologic studies of risk factors. The interplay has generated hypotheses about mechanisms, such as epigenetic effects and de novo mutations, and supported studies of preventive effects of micronutrients. At present, evidence is being sought for preventive effects of periconceptional folic acid, prenatal choline supplementation, and prenatal vitamin D, and all these efforts are grounded in basic science, animal studies, epidemiologic studies, and clinical research. We propose that translational science as a linear progression is not an appropriate framework for research on prenatal nutrition and neurodevelopmental disorders. Instead, this field should adhere to a conceptual framework that explicitly promotes multiple levels of inquiry proceeding in parallel and not in isolation from one another. 
